Abstract-The concept of microgrid hierarchical control is presented recently. In this paper, a hierarchical scheme is proposed which includes primary and secondary control levels. The primary level comprises distributed generators (DGs) local controllers. The local controllers mainly consist of power, voltage and current controllers, and virtual impedance control loop. The central secondary controller is designed to manage the compensation of voltage unbalance at the point of common coupling (PCC) in an islanded microgrid. Unbalance compensation is achieved by sending proper control signals to the DGs local controllers. The design procedure of the control system is discussed in detail and the simulation results are presented. The results show the effectiveness of the proposed control structure in compensating the voltage unbalance.
I. INTRODUCTION
T HE TERM "smart grid" is usually applied to describe a power system which utilizes advanced sensing and monitoring system as well as information and communication technology (ICT) in order to improve the performance of the grid and provide a wide range of additional services for the consumers [1] , [2] .
The smart grid can be seen as a collection of technologies, concepts and approaches for gradual conversion from the traditional hierarchies of generation, transmission and distribution to an intelligent, distributed, end-to-end structure. Smart grid is a grid that accommodates several power generation options such as central, distributed and mobile. In a smart grid the consumers are able to interact with an energy management system in order to adjust the energy consumption and reduce the energy cost [3] .
Some of the attributes which are commonly cited for smart grids are as follows [1] - [8] :
• self-healing from power disturbances;
• economical based on efficient energy management and optimized asset utilization; • automated based on the high penetration of ICT and advanced metering infrastructure' • enabling new products, services, and markets;
• providing high power quality and reliability;
• integrating distributed power generation and storage;
• utilizing renewable energy resources to advance energy sustainability and address environmental concerns. On the other hand, microgrids are low-voltage distribution networks comprising various distributed resources (DRs) and different types of loads and are able to operate either interconnected to the main distribution grid or isolated from it (grid-connected and islanded operation modes, respectively). DRs may include both DGs and distributed storage units [9] - [11] .
Microgrids are deemed as one of the main building blocks of the smart grids; since, are able to facilitate implementation of many smart grid functions [3] - [5] . It is expected that in a near future, smart grid emerges as a well-planned plug-and-play integration of microgrids which interact through dedicated highways for exchanging commands, data, and power [3] . Considering the aforementioned smart grid attributes, it should be noted that the microgrid DGs prime-movers are mainly no-emission renewable energy resources. Furthermore, the power electronic interface converter (e.g., an inverter in the case of dc-to-ac conversion) which is often used to connect the DGs to the electrical system can provide several control functionalities.
In fact, the main role of the DG inverter is to adjust output voltage phase angle and amplitude in order to control the active and reactive power injection. However, compensation of power quality problems can also be achieved through proper control strategies.
Amongst various power quality phenomena, voltage unbalances are very common. Voltage unbalance can result in adverse effects on the equipment and power system. Under unbalanced conditions, the power system will incur more losses and be less stable. Also, voltage unbalance has some negative impacts on equipment such as induction motors, power electronic converters and adjustable speed drives (ASDs). Thus, the International Electrotechnical Commission (IEC) recommends the limit of 2% for voltage unbalance in electrical systems [12] . A major cause of voltage unbalance is the connection of unbalanced loads (mainly, single-phase loads connection between two phases or between one phase and the neutral).
Compensation of voltage unbalance is usually done using series active power filter through injection of negative sequence voltage in series with the power distribution line [13] - [15] . However, there are a few works [16] - [19] based on using shunt active power filter for voltage unbalance compensation. In these works, voltage unbalance caused by unbalanced load is compensated through balancing the line currents.
In [20] - [23] , some approaches are presented to use the DG for voltage unbalance compensation. A method for voltage unbalance compensation through injection of negative sequence current by the DG has been proposed in [20] . By applying this method, the line currents become balanced in spite of unbalanced loads presence. However, under severely unbalanced conditions, a large amount of the interface converter capacity is used for compensation and it may interfere with the active and reactive power supply by the DG.
The approach presented in [21] is based on controlling the DG as a negative sequence conductance to compensate the voltage unbalance at the microgrid DGs terminal. In this approach which is implemented in the synchronous reference frame, compensation is done by generating a reference for negative sequence conductance based on the negative sequence reactive power. Then, this conductance is applied to produce the compensation reference current.
In [21] the compensation reference is injected to the output of the voltage controller. As explained in [22] , this place of compensation reference injection is not proper, since the voltage controller considers this reference as a disturbance. Thus, it is proposed in [22] to inject the compensation reference before the voltage controller. It is noteworthy that the control system of [22] is designed in stationary reference frame. A similar control structure is applied in [23] for a grid-connected DG. In [23] a proportional-integral (PI) controller is used to follow the reference of the voltage unbalance factor.
The methods proposed in [21] - [23] are designed for compensation of voltage unbalance at the DG terminal, while usually the power quality at the point of common coupling (PCC) is the main concern due to sensitive loads which may be connected. Thus, in this paper the concept of microgrid secondary control [24] - [27] is applied to compensate the voltage unbalance at PCC in an islanded microgrid. Furthermore, the design and stability analysis of the control system is addressed. In the proposed control structure, a PI controller is used to generate the reference of unbalance compensation for the DGs of the microgrid. This reference is transmitted through low bandwidth communication links to the DG local controllers which constitute the primary control level.
The rest of the paper is organized as follows. The structure of the microgrid hierarchical control and the details of secondary level are discussed in Section II. Section III is dedicated to the proposed DG local control strategy. The design approach of the control system is presented in Section IV. Section V includes simulation results. Finally, the paper is concluded in Section VI.
II. MICROGRID HIERARCHICAL CONTROL SCHEME
The control of the microgrid may be done based on the autonomous operation of DGs local controllers (decentralized control, e.g., [21] , [22] , [28] - [33] ) or be managed by a central controller (centralized control, e.g., [11] , [24] - [27] , [34] - [36] ). The centralized control can be achieved according to a hierarchical control structure which consists of different control levels.
A hierarchical control structure consisting of three control levels is proposed in [11] . The control levels are local microsource and load controllers (MC/LC), microgrid central controller (MGCC), and distribution management system (DMS). When the microgrid operates in grid-connected mode, MCs follow the commands from the MGCC. In islanded mode, MCs perform local optimization of the DG active and reactive power production, and fast load tracking. LCs are installed at the controllable loads location and act based on the commands of MGCC. Economic optimization of microgrid operation considering market conditions and fuel consumption is also performed by the MGCC.
Similar hierarchical structures which are mainly focused on the economic optimization of microgrid operation based on the multiagent systems are proposed in [34] - [36] .
Economic optimization of the microgrid operation falls out of the present paper scope.
It is noteworthy that when the microgrid operates in islanded mode, the voltage and frequency should be supported by the DGs, while in grid-connected mode the support is provided by the main grid. Frequency control is a challenging problem in islanded operation, since the microgrids mainly comprise converter-connected inertia-less DGs [37] . However, some virtual inertia can be provided by the power droop controllers [24] .
The hierarchical control scheme of [24] is organized in threelevels: primary, secondary, and tertiary. The primary control deals with the local control of the DG units. The secondary level is designed to restore the DGs output voltage frequency and amplitude deviations which are produced by the power droop controllers and output impedances.
A similar approach for frequency restoration is adapted in [33] , but, instead of a central secondary control, a PI controller is added locally in the droop controller of each DG. This way, the communication link is not necessary; but small inevitable differences among local estimations of frequency are integrated over time and lead to circulating power among DGs [38] . To cope with this problem, it is proposed in [38] to use a deadband block before the PI controller. The width of the dead-zone must be greater than the maximum frequency estimation error. However, this problem is solved at the expense of steady state error in frequency control and active power sharing as can be seen in the results presented in [38] .
Both local and central frequency restoration approaches as well as the effect of dynamic response of the DGs on the frequency restoration are discussed in [25] .
The tertiary control level regulates the power exchange between the grid and the microgrid [24] , [39] , [40] . Since, in the present paper, the microgrid operates in islanded mode, this control level is not considered.
The main focus of the present paper is on the voltage quality at PCC. The proposed hierarchical control structure and the DG power stage are shown in Fig. 1 . As seen, the power stage of each DG consists of a DC prime mover, an interface inverter and an LC filter. models the distribution line between and PCC. For simplicity, only the power stage and tie line of are depicted. The other microgrid DGs have the same power stage, but, can be connected to PCC through different line impedances. As seen in Fig. 1 , the local controllers generate the gate signals for DGs interface inverters. The local controller of each DG consists of voltage and current controllers, virtual impedance loop, and active/reactive power droop controllers. More details are provided in the next section.
The secondary controller manages the unbalance compensation of microgrid PCC voltage by sending proper control signals to the DGs local controllers. Unbalance compensation as a new feature of the secondary controller is the main contribution of the present paper.
The secondary controller can be far from DGs and PCC. Thus, as shown in Fig. 1 , a low bandwidth communication link (LBCL) is considered to send the PCC voltage information to this controller. Also, the control signal for voltage unbalance compensation ( : Unbalance Compensation Reference) is transmitted by means of LBCL to the primary level.
In order to ensure that low bandwidth is sufficient, the transmitted data should be approximately dc signals. Thus, the data are transmitted in reference frame. As shown in Fig. 1 , microgrid angular frequency is estimated by a phase-locked loop (PLL) block. Then, in order to extract PCC voltage positive and negative sequences, is transformed to reference frames rotating at the speeds and , respectively. The transformation matrix can be found in [41] .
Afterwards, two 2nd order low-pass filters (LPF) are used to extract positive and negative sequences ( and , respectively). 2nd order are applied, since, the 1st order ones cannot provide acceptable filtering. The transfer function of is as follows:
where and are the filter cut-off frequency and damping ratio, respectively ( and ). Finally, and signals are transmitted toward the secondary controller. The block diagram of the secondary con- troller is shown in Fig. 2 . As can be seen, and are used to calculate Voltage Unbalance Factor (VUF). Then, the calculated value is compared with the reference and the error is fed to a PI controller. Afterwards, the output of PI controller is multiplied by to generate which is transmitted to the primary level.
In fact, data communication is not a critical issue in the proposed hierarchical structure; since the primary control is performed autonomously according to the local measurements; furthermore, transmission of PCC voltage information and global unbalance compensation reference, respectively, to the secondary and primary levels, does not require a high bandwidth due to the use of coordinates. This way, the control system reliability is improved, since compensation is not dependent on the presence of high communication bandwidth.
As shown in Fig. 3 , at first, is transformed to frame and then added as a reference for voltage controller. It is noteworthy that this transformation is performed over negative sequence values; thus, is used as the rotation angle. is the DG voltage reference phase angle which is generated by active power droop controller as explained in Section III-A. The transformation matrix can be found in [42] .
III. DG INVERTER LOCAL CONTROL SYSTEM
The DG local control system shown in Fig. 3 is designed in reference frame. So, Clarke transformation is used to transform the variables between and frames. The transformation matrices are presented in [22] . As shown in Fig. 3 , the voltage controller follows the references generated by power controllers and secondary level to generate the reference for the current controller.
The output of the current controller is transformed back to abc frame to provide three-phase voltage reference for the pulse width modulator (PWM). Finally, the PWM block controls the switching of the inverter based on this reference. More details are provided in the following subsections.
A. Active and Reactive Power Control
Considering a DG connected to the grid through the impedance , the active and reactive powers injected to the grid by the DG can be expressed as follows [28] : (2) (3) where is the magnitude of the inverter output voltage, is the grid voltage magnitude, is the load angle (the angle between and ), and and are the magnitude and the phase angle of the impedance, respectively. Considering phase angle of the grid voltage to be zero, will be equal to phase angle of the inverter voltage.
Assuming mainly inductive electrical systems ( and ), the active and reactive powers can be expressed as the following equations:
In practical applications, is normally small; thus, a decoupling approximation ( and ) can be considered as follows [28] , [29] : (6) (7) Thus, active and reactive powers can be controlled by the DG output voltage phase angle and amplitude, respectively. According to this, the following droop characteristics are applied for the positive sequence active and reactive power sharing among DGs in an islanded microgrid: , helps to improve the dynamic behavior of the power control [28] . It is noteworthy that according to the (8) and (9) , no integral term is considered for voltage frequency and amplitude control. If the microgrid operates in islanded mode (the case considered in this paper) the use of pure integrators is not allowed; since, the total load will not coincide with the total injected power, and it leads to instability [24] , [30] .
As can be seen in Fig. 3 , and are used to generate the three phase reference voltage . This voltage is positivesequence component; thus, positive sequence powers ( and ) are used in (8) and (9) . According to Fig. 3 , at first DG three-phase output voltage and current ( and , respectively) are measured and transformed to frame ( and , respectively). Then, positive and negative sequences of output voltage and positive sequence of output current are extracted [43] , [44] . Positive sequence current is fed to the virtual impedance block. Also, positive and negative sequences of output voltage are applied for VUF calculation. The calculated VUF is not used in the control system and just will be shown in Section V to demonstrate the effect of control system action on the DGs VUF. The details of this calculation are shown in Fig. 4 . As can be seen, -components of DG output voltage positive and negative sequences are fed to VUF calculation block. Then, the average values of rectified waveforms ( and ) are calculated by applying two absolute functions (abs) and low-pass filters (LPF). LPF structure and parameters are exactly same as (1) . Finally, calculation of VUF is done by division of by . It is noteworthy that if the -components are used for VUF calculation, the result will be the same, because, the positive and negative sequences are balanced. In the other words, -and -components of positive (or negative) sequence have equal amplitudes.
B. Power Calculation
Based on the instantaneous reactive power theory [45] , the instantaneous values of active and reactive powers should be calculated using (10) and (11), respectively: (10) (11) Each of the instantaneous powers consists of dc and ac (oscillatory) components. The dc components (average values of and ) are positive sequence active and reactive powers ( and , respectively) [46] . The oscillatory parts are generated by the unbalance and/or harmonic contents of the voltage and current.
The dc components are extracted using two 1st order low pass filters. The cut-off frequency of these filters is set to .
C. Virtual Impedance Loop
Addition of the virtual resistance makes the oscillations of the system more damped [28] . In contrast with physical resistance, the virtual resistance has no power losses, and it is possible to implement it without decreasing the efficiency.
Also, the virtual inductance is considered to ensure the decoupling of and . Thus, virtual impedance makes the droop controllers more stable [31] .
The virtual impedance can be achieved as shown in Fig. 5 , where and are the virtual resistance and inductance, respectively [32] . According to this figure, the following equations are extracted:
(12) As shown in Fig. 3 , only positive sequence current is passing through virtual impedance. In this way, increase of DG output voltage unbalance due to the negative sequence voltage drop on the virtual impedance will be avoided.
D. Voltage and Current Controllers
Due to the difficulties of using PI controllers to track non-dc variables, proportional-resonant (PR) controllers are usually preferred to control the voltage and current in the stationary reference frame [47] . In this paper, PR voltage and current controllers are as (14) and (15): (14) (15) where, and are the proportional and resonant coefficients of the voltage (current) controller, respectively. Also, and represent the voltage and current controller cut-off frequencies, respectively.
IV. CONTROL SYSTEM DESIGN AND STABILITY ANALYSIS

A. Primary Control Level
The design and stability analysis of the droop controllers are sufficiently studied in the literature (e.g., [28] - [31] ) and will not be discussed. Thus, in this subsection, voltage, current, and virtual impedance control loops are designed; then, in the next subsection, stability of unbalance compensation is evaluated.
According to the symmetrical components theory [48] , an unbalanced electrical system can be analyzed by separate positive and negative sequence balanced systems. Thus, the single-phase representation of the DG inverter which is shown in Fig. 6 is considered for modeling of positive (or negative) sequence control system. Based on Fig. 6 , the output voltage dynamics [31] can be derived: (16) where and are the duty cycle and filter inductor resistance, respectively.
On the other hand, according to Fig. 3 , the block diagram of local control system and power stage for positive (or negative) sequence is achieved as Fig. 7 . Based on this figure, the following equation can be extracted: (17) where Finally, replacing from (17) in (16), and taking into account that result in the following equation:
where and are the control system closed-loop transfer function and output impedance, respectively and represent the equivalent Thevenin circuit of the closed loop system: being:
It is noteworthy that in these equations and also Fig. 7 , virtual impedance loop is only considered for positive sequence. Furthermore, as seen in Fig. 7 , it is necessary to replace by for negative sequence.
The positive and negative sequence Bode diagrams of and by considering the power stage and primary control system parameters (listed in Tables I and II) are depicted in Figs. 8 and 9 , respectively.
As can be seen in Fig. 8 , the magnitude of is the same for positive and negative sequences. Also, as expected, positive and negative sequences are in the opposite phase. Furthermore, the gain and the phase angle of closed-loop transfer function at fundamental frequency are respectively unity and zero for both positive and negative sequences. Thus, proper tracking of voltage reference is ensured.
As shown in Fig. 9 , magnitude of negative sequence output impedance at fundamental frequency is very low, because, as mentioned before, the virtual impedance is only acting for positive sequence.
B. Stability Analysis of Unbalance Compensation
Since, the main contribution of this paper is the PCC voltage unbalance compensation; the compensated system stability is evaluated in this subsection.
According to Figs. 1-3 , UCR is generated in dq frame, but, finally is transformed to and acting in frame. Thus, here, unbalance compensation is modeled in frame. Unbalance Fig. 2 is equivalent to the following stationary frame equation: (19) where PI represents the controller . According to Fig. 4 , VUF at PCC can be calculated as (20): (20) As mentioned before, and are the average values of PCC negative and positive sequence rectified voltages, respectively. LPF transfer function is same as (1) .
In order to calculate the denominator of (20) , the positive sequence voltage drops caused by reactive power droop controller and distribution line impedances are neglected. Thus, the amplitude of PCC positive sequence phase voltage can be approximated by , assuming as the rated rms value of phase voltage. This amplitude is equal to in frame according to Clarke transformation equations which can be found in [22] . Also, it should be noted that the output of abs function is a full-wave rectified sinusoidal waveform. Thus, its average can be calculated through multiplying the phase voltage peak value by (i.e., ). It is noteworthy that (19) and (20) are also valid for -component.
As can be seen in Fig. 1, 2nd order LPFs with the transfer function of (1) are used for and extraction. Thus, the dynamics of (19) is same as the original unbalance compensation control system which is in dq frame.
By replacing (20) in (19) and assuming and , the following equation is achieved: (21) Since (21) is a nonlinear equation, its small-signal representation is extracted as follows: (22) where the symbol^represents the small signal value.
On the other hand, according to the symmetrical components theory [48] , when a single-phase load is connected between two phases (the case considered in this paper), the circuit shown in Fig. 10(a) which is constructed by the connection of positive and negative sequence equivalent circuits can be used for the negative sequence current calculation. In this figure, , and are unbalanced load impedance and positive and negative sequence equivalent impedances, respectively. , and represent the ac source positive sequence output voltage and PCC positive and negative sequence voltages, respectively. This circuit is depicted for a microgrid consisting of two DGs as Fig. 10(b) , where and are the distribution line impedance (the line between and PCC) and negative sequence output impedance, respectively and is negative sequence -component output current.
The values of , and can be found in Table I . Thus, according to Fig. 10(b) and considering this fact that and , the following equations are achieved: In (24a), and should be replaced according to Table I  as and , respectively. It is noteworthy that " " should be used instead of " " in negative sequence Laplace-domain equations.
Bode diagrams of , and are compared in Fig. 11 . According to this figure, is negligible in comparison with and , except in the low-frequency range. Thus, can be approximated as (25) Then, replacing (24) in (22) leads to the following equation: (26) In this equation, should be replaced by its Laplace-domain form: (27) where represent the Laplace transform. On the other hand, (18) can be written in the following negative sequence small-signal form: (28) Note that according to Fig. 3, . Moreover, can be easily calculated according to Fig. 10(b) ; however, due to low value of the negative sequence output impedance (especially at fundamental frequency), is neglected to extract the following closed loop transfer function: (29) Considering the parameters of Tables I and II, poles of are depicted in Fig. 12 . As seen, all the poles are in the left-half of -plane; thus, the stability of the control system is guaranteed. It should be noted that according to (29) , the parameters of the PI controller ( and ) has no effect on the control system stability. 
V. SIMULATION RESULTS
The islanded microgrid of Fig. 13 is considered as the test system. This microgrid includes two DGs with power stage and control system shown in Figs. 1-3 . Power stage and control system parameters are listed in Tables I and II , respectively. Switching frequency of the DGs inverters is set to 10 kHz. As seen in Fig. 13 , a single-phase load is connected between phases " " and " " which creates voltage unbalance. A balanced star-connected three-phase load is also connected to PCC. In this figure, and represent the distribution lines between DGs and PCC.
Unbalance compensation starts acting from . is set to 0.5%.
As shown in Fig. 14 , VUF of PCC follows the reference value, properly. Also, it can be seen that the improvement of PCC voltage quality is achieved by making the DGs output voltage unbalanced. Also, because of the less line impedance between and the PCC; its VUF is increased a little more. To provide more details, phase negative sequence voltages at PCC and DGs terminal are shown in Fig. 15(a)-15(c) . As seen, PCC negative sequence voltage is decreased by increase of DGs output voltage negative sequence.
Also, in order to demonstrate unbalance compensation more clearly, three-phase output voltages at PCC and terminal are shown in Fig. 16(a) and 16(b) , respectively. output voltage behavior is similar to . As seen, as a result of compensation, PCC voltage unbalance is decreased, effectively; while the DG output voltage becomes unbalanced.
Sharing of and between DGs are shown in Fig. 17 (a) and 17(b), respectively. As seen, in spite of asymmetrical distribution lines , active and reactive powers are shared properly between the DGs. It can be seen that the effect of unbalance compensation on positive sequence powers is quite negligible; since, compensation is acting over negative sequence.
Also, it should be noted that the active power can be shared exactly between DGs, because the frequency is the same throughout the microgrid, while, due to nonuniform profile of microgrid voltage, reactive power is shared by a small error.
VI. CONCLUSIONS
A hierarchical control approach for PCC voltage unbalance compensation in an islanded microgrid is proposed. The control structure consists of DGs local controllers (primary level), and As the next step, we are working on the secondary control for compensation of the other PCC voltage power quality problems such as voltage harmonics and sags.
